The DNA sequences upstream of the tet(O) and tet(M) open reading frames (ORFs) (ca. 300 bp) were found to share a higher degree of homology than those of the tet(O) and tet(M) ORFs themselves. A transcription initiation site for tel(O) was located by primer extension analysis. Campylobacter coli was found to use a promoter sequence different from that used by Escherichia coli. The sequence upstream of tet(O) was shown to be required in cis for high-level resistance to tetracycline.
The DNA sequences upstream of the tet(O) and tet(M) open reading frames (ORFs) (ca. 300 bp) were found to share a higher degree of homology than those of the tet(O) and tet(M) ORFs themselves. A transcription initiation site for tel(O) was located by primer extension analysis. Campylobacter coli was found to use a promoter sequence different from that used by Escherichia coli. The sequence upstream of tet(O) was shown to be required in cis for high-level resistance to tetracycline.
The class 0 tetracycline (TC) resistance determinant [tet(O)] has been identified in Campylobacter spp. (18, 20) , Streptococcus mutans (9) , and Enterococcus faecium (1) . The determinant has been cloned and expressed in Escherichia coli (9, 18, 20) . The deduced amino acid sequence of Tet(O) is very similar to that of Tet(M) (76% identity [13] ), which has been found in a wide variety of gram-positive and gram-negative bacteria (21) .
The sequences of several tet(O) and tet(M) genes have been determined (3, 9, 11, 13, 14, 16, 18) ; however, little is known about the resistance mechanism or the control of expression of these genes. We believe that genetic studies of both tet(O) and tet(M) are necessary to understand the biochemical basis of Tet(O) and Tet(M) action as well as the reason for the ability of these resistance determinants to be expressed in a wide variety of bacteria. Previous DNA hybridization experiments with the tet(O) and tet(M) determinants suggested that DNA sequences flanking the tet(O) and tet(M) open reading frames (ORFs) share a higher degree of homology than the protein-coding sequences themselves (13, 20) . By comparing the sequencing data of the tet(O) and tet(M) genes (11, 13) with the results of Southern hybridization (20) , the homologous sequences were located at the 5' end of the tet(O) ORF. However, attempts to delete this sequence by using nuclease Bal 31 or exonuclease III failed when transformants of Tcr phenotype were selected (26) . These results suggested that the Tet(O) protein specified by the tet(O) ORF may not be the only factor required for resistance to TC.
In this study, we determined the nucleotide sequences upstream of tet(O) and tet(M). They were found to be highly homologous, and their possible function was investigated. The transcription start point for tet(O) was also located.
MATERIALS AND METHODS
Strains and culture conditions. E. coli JM107 (23) and HB101 (12) were routinely used as plasmid hosts, and E. coli BW313 (8) was used for site-directed mutagenesis. Campylobacter coli UA585 (27) and Campylobacterjejuni UA466 (20) were also employed. The plasmids and phages used in this study were pUC13 (23), pUC118 (24) , M13mp19 (23) , M13K07 (24), pACYC177, pACYC184 (5), pT7-5 (19), pUOA2 (21; Fig. 1 ), pUOA11 (27, Fig. 1 ), and pUOA15 (27 (12 ,ug/ml), ampicillin (100 ,ug/ml), or kanamycin (15 to 32 ,ug/ml).
Plasmid isolation and transformation. Extractions of plasmid DNA were carried out essentially as described by Birnboim and Doly (2), and cesium chloride-ethidium bromide density gradient centrifugation was performed when necessary. E. coli was transformed by the CaCl2 procedure (6). C. coli was transformed as described previously (27 In vitro-transcribed RNA was also used as a template for primer extension. The 4.4-kb EcoRV-PstI fragment of pUOA2A ( Fig. 1) was inserted into pT7-5 between the SmaI and PstI sites and subsequently named pT7-UOA2A. The tet(O) mRNA was transcribed from this plasmid by the T7 RNA polymerase (Boehringer Mannheim Biochemica) following the manufacturer's directions.
Oligonucleotide-directed mutagenesis. Restriction enzyme cutting sites were generated by using synthetic oligonucleotides and pUC118 single-stranded DNA essentially as previously described (8, 24 Nucleotide sequence accession numbers. The GenBank accession number of the 1.5 kb of nucleotide sequence upNucleotide sequences of DNA fragments upstream of tet(O) and tet(M). Plasmids pUOA2 containing tet(O) and pUOA11 containing tet(M) were mapped with restriction enzymes as shown in Fig. 1 . Both DNA fragments upstream of the tet(O) and tet(M) ORFs were subcloned into pUC13 and M13mpl9. More than 1.5 kb of nucleotide sequence upstream of the tet(O) ORF was determined (see "Nucleotide sequence accession numbers," above). This sequence is relatively AT rich (74%) compared with the tet(O) ORF (60%) and C. jejuni chromosomal DNA (ca. 68%). No ORF starting from an ATG codon and encoding more than 20 amino acids was found in either direction from this sequence. No potential ORF starting from a GTG codon was identified. A sequence of approximately 500 nucleotides at the 5' end of the tet(M) ORF was also determined (see "Nucleotide sequence accession numbers," above) and found to be highly homologous to the DNA sequence upstream of tet(O) (Fig. 2) . The sequence from -131 to -174 and from -199 to -263 relative to the tet(M) ATG start codon was found to be almost identical to the DNA sequence at the same position in tet(O).
Forty-one nucleotides upstream of tet(O) are two palindromic sequences followed by five T residues (Fig. 2) . This sequence resembles that of a transcriptional terminator (15) . Upstream of tet(M) at the same site, one inverted repeat of 22 nucleotides and a string of T's are present (Fig. 2) and may also function as a transcriptional terminator.
Analysis of tet(O) transcripts in both E. coli and C. coli. The transcripts initiated from upstream of the tet(O) ORF were analyzed by the technique of primer extension. Two synthetic primers (merl and 2) were employed: merl (5' CGTC AACGTGAGCCAG) is complementary to a sequence in tet(O) from +25 to +40 relative to the ATG start codon (11); mer2 is complementary to a sequence indicated in Fig. 2 (191 bases upstream of merl). One major extension product at -42 was obtained from the merl that annealed to RNA isolated from both E. coli JM107(pUOA2) and C. coli UA585 (pUOA15) [both of which contain a tet(O) determinant in multicopy plasmids (21, 27) ] (Fig. 3A) . The -42 site is likely to be the start point of the tet(O) mRNA, because most of the cDNAs synthesized were able to pass the dyad symmetry structure when the RNA transcribed by the T7 RNA polymerase was used as a template (Fig. 3B) . Another extension (-35) P(E.coff) (-10) product was also obtained from E. coli RNA by using mer2, but not from C. coli RNA (Fig. 3C) . Therefore, promoters (-10 and -35 sites) for E. coli and C. coli were assigned (designated P1 and P2, respectively [ Fig. 2 and 3] ) by the method of Hawley and McClure (7). However, P2 did not appear to be responsible for transcription of tet(O), since there is a putative transcriptional terminator downstream of it and there was no detectable transcript starting from it in C. coli.
Construction of deletion derivatives of pUOA2. Our failure to isolate the deletions without the region upstream of the tet(O) ORF by using exonuclease III and Bal 31 led us to employ site-directed mutagenesis. Plasmid pUOA2 was cut by PstI (at the cloning site of the vector) and EcoRV, and the 4.4-kb DNA fragment containing the whole Tcr determinant was inserted into pUC118 between PstI and SmaI sites to produce pUOA2A (Fig. 1) . Two restriction enzymecutting sites (BamHI and EcoPJ) were generated upstream of tet(O) (Fig. 2) by using single-stranded pUOA2A DNA, and the resulting plasmids were designated pUOA2B1 and pUOA2E1, respectively. The deletion plasmid generated at the BamHI site was named pUOA2B2, and the deletion plasmid generated at the EcoRI site was named pUOA2E2 (Fig. 1) . Thus, the tet(O) ORF in pUOA2E2 is under the control of P1 and lacZ promoters (PIac encoded in pUC118), whereas in pUOA2B2 it is controlled by the lacZ promoter only (Fig. 1) . The 4.4-kb DNA fragment from pUOA2 was also cloned between the HincIl sites in pACYC184, which has a much lower copy number than those of the pUC plasmids (5). The resulting plasmid was named pACYC-UOA2A. The 3.4-kb EcoRI-PstI (at the cloning site of the vector) fragment from pUOA2E1 was cloned into pACYC177 (5) between the HincIl and PstI sites and was called pACYC-UOA2E2.
The TC MIC of E. coli JM107 containing these different recombinant plasmids were determined ( Table 1) . The results demonstrated that the removal of some of the sequence upstream of the tet(O) ORF greatly reduced the resistance level to TC. For example, the MIC was 80 p.g/ml for E. coli JM107(pUOA2E1) compared with 14 (without isopropyl-j-D-thiogalactopyranoside [IPTG]) or 16 ,ug/ml (with IPTG) for E. coli JM107(pUOA2E2); the MIC was 50 ,ug/ml for E. coli JM107(pACYC-UOA2A) compared with 6 for E. coli JM107 (pACYC-UOA2E2). The decrease in TC MIC did not appear to be due to the removal of the P2 promoter, since most transcripts from P2 may not pass the two inverted repeat sequences and therefore are unable to reach the tet(O) ORF. The finding that the TC MICs of JM107(pUOA2E2) were almost identical in the presence or absence of IPTG indicated that the putative transcriptional terminator is very effective, which prevents tet(O) transcription from other upstream promnoters.
The 3.4-kb EcoRI-PstI fragment of pUOA2E2 was inserted into the campylobacter vector pUOA19 (28) and introduced into C. coli UA585 by natural transformation. Tcr transformants were obtained on MH agar containing 12 pLg of (Fig. 1) was introduced into the recA mutant strain E. coli HB101(pACYC-UOA2E2). Three Apr transformants were tested, and the TC MICs were exactly the same as those for E. coli HB101 (pACYC-UOA2E2) ( Table 1) . When recA+ strain JM107 was used as the host, Tcr transformants were obtained at ca. 5% of the transformation frequency of the Apr transformants. Four Tcr transformants were examined for their plasmid contents, and all contained a single recombinant plasmid. Four additional pairs of similar plasmid constructs, which contained different sizes of the tet(O) ORF in one plasmid, and its upstream sequence in another plasmid, were introduced into H1B101 cells. None of these plastnid pairs increased the TC MIC of the parent strains. The results suggested that the DNA sequence upstream of tet(O) functions only in cis.
DISCUSSION
The nucleotide sequences upstream of tet(O) and tet(M) were found to share a higher degree of homology than the tet(O) and tet(M) ORFs themselves. These sequences also exhibit significant homology with the sequence upstream of tet(O) from C. coli (18) and with the sequences upstream of tet(M) from Tn916 (4), TnJS45 (13), Staphylococcus aureus (14) , and Ureaplasma urealycum (16 Another potential promoter sequence (P2) was identified at 281 nucleotides upstream of the ATG start codon, of which the -35 and -10 sites are 100% identical to the E. coli consensus sequences. Transcription from P2 was demonstrated in E. coli but not in C. coli by primer extension experiments (Fig. 3) . A small RNA from E. coli was identified by Northern (RNA) blot analysis which probably starts from P2 and terminates after the two dyad symmetry sequences. The same RNA species was not detected in C. coli (26) . It has been shown previously that the C. coli cat gene was transcribed from different sites in E. coli and C. coli (28) . These findings suggest that the campylobacter RNA polymerase recognizes promoter sequences different-from the consensus -35 and -10 sites used in E. coli and many other bacterial species. Therefore, the sequences of P1 and P2 were compared with that of the C. coli cat promoter (28) .' It was found that the cat promoter region shares extensive homhology with the P1 sequence (59% identity [ Fig. 4A]) but not the P2 except at the -10 site (31% identity [ Fig. 4B]) . The promoter region for the aphA-3 gene, which appears to originate from Streptococcus species and which has been shown to function in C. coli (22) , was also compared and found to have substantial similarities with both the cat promoter (53% identity) and the P1 sequence (Fig. 4A) . These results provide further evidence that campylobacters use different promoter sequences from those used in E. coli and that P1 is the promoter for tet(O) expression.
A BamHI site was generated downstream of P1, and an EcoRI site was generated downstream of P2. Deletions were generated at these enzyme-cutting sites, and TC MICs for E. coli strains carrying plasmids with these deletions were determined. We found that removal of the sequence upstream of tet(O) greatly reduced the resistance level of TC in E. coli (Table 1) . However, attempts to transfer these deletion derivatives into C. coli failed. These plasmids were either lethal to the C. coli host or extremely unstable. Therefore, the TC MIC could not be tested in C. coli.
Since this conserved DNA sequence upstream of tet(O) does not appear to encode a promoter or a polypeptide, it might be involved in the regulation of gene expression or it might code for an RNA molecule which is involved in TC resistance and/or protection of the ribosome from the toxic effect of the Tet(O) protein.
The first possibility is not likely, since tet(O) has been shown to be expressed constitutively in both C. jejuni and E. coli (21) . The second hypothesis is very attractive, by virtue of the fact that Tet(O) may bind to the ribosome (10), which is a protein-RNA complex. However, complementation tests showed that this conserved sequence cannot complement in trans the tet(O) ORF for high-level resistance to TC (Table  1) .
Our results demonstrated that the DNA sequence of ca. 300 bp directly upstream of the tet(O) ORF is required for full expression of resistance to TC in E. coli. The exact function of this sequence, however, remains to be determined.
